Cytochrome P450 1A2 (CYP1A2) is one of the most abundant and important drug metabolizing enzymes in human liver. However, little is known about the post-transcriptional regulation of CYP1A2, especially the mechanisms involving microRNAs (miRNAs). This study applied a systematic approach to investigate the post-transcriptional regulation of CYP1A2 by miRNAs. Candidate miRNAs targeting the 3 0 -untranslated region (3 0 -UTR) of CYP1A2 were screened in silico, resulting in the selection of sixty-two potential miRNAs for further analysis. The levels of two miRNAs, hsa-miR-132-5p and hsa-miR-221-5p, were inversely correlated with the expression of CYP1A2 mRNA transcripts in normal human liver tissue samples represented in The Cancer Genome Atlas (TCGA) dataset. The interactions between these miRNAs and cognate CYP1A2 mRNA sequences were evaluated using luciferase reporter gene studies and electrophoretic mobility shift assays, by which a direct interaction was confirmed involving hsa-miR-132-5p and a cognate binding site present in the CYP1A2 3 0 -UTR. Experiments by which hsa-miR-132-5p or random miRNA controls were introduced into HepG2, Huh-7 and HepaRG hepatic cell lines showed that only hsa-miR-132-5p suppressed the endogenous and lansoprazole-induced expression of CYP1A2, at biological activity, protein production, and mRNA transcript levels. Furthermore, 3-(4,5-di methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and lactate dehydrogenase (LDH) assays showed that hsa-miR-132-5p attenuates CYP1A2-mediated, lansoprazole-enhanced, flutamide-induced hepatic cell toxicity. Results from multilayer experiments demonstrate that hsa-miR-132-5p suppresses the expression of CYP1A2 and that this suppression is able to decrease the extent of an adverse drugdrug interaction involving lansoprazole and flutamide.
Introduction
Endogenous or exogenous chemicals are activated or detoxified through two metabolic steps catalyzed by Phase I and Phase II liver enzymes. With a high concentration in the lipid bilayer of the endoplasmic reticulum of hepatocytes, the cytochrome P450 (CYP) enzyme family is primarily responsible for Phase I drug metabolism [1] . The CYP enzymes function as monoxygenases to catalyze the hydroxylation, dealkylation, dehalogenation, or other oxidative or reductive modifications of parent drugs [2, 3] . Among liver CYP enzymes, CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4 are considered to be the most important isoenzymes pharmacologically, being involved in the metabolism of more than 90% of drugs [4] . CYP1A2 is highly expressed in human liver, accounting for approximately 13% of the total cytochrome P450 content [5] , and CYP1A2 is responsible for metabolizing about 9% of clinically used drugs [6] . Besides drug http://dx.doi.org/10.1016/j.bcp.2017.08.012 0006-2952/Published by Elsevier Inc.
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The regulation of CYP1A2 expression is complicated. Similar to CYP1A1 and CYP1B1, CYP1A2 is primarily inducible through aromatic hydrocarbon receptor-mediated transactivation by ligand binding and nuclear translocation [8] . In addition, accumulating evidence indicates that CYP1A2 expression is influenced by genetic polymorphisms [9] and transcriptional factors [8, 10] ; recently it was been predicted that CYP1A2 may be subject to posttranscriptional regulation by microRNAs (miRNAs) [11] .
MiRNAs are critically important in gene regulatory networks. They usually bind to their target sequences within the 3 0 -untranslated regions (3 0 -UTR) of mRNA molecules, which facilitates mRNA degradation or translational repression [11] [12] [13] . Some miRNAs have been found to interact directly with CYP450 mRNA transcripts. For example, CYP2C9 is regulated by miR-128 and miR-130b [14, 15] , CYP2C19 is modulated by miR-29a [16] , CYP2E1 is suppressed by miR-378 [17] , and CYP3A4 is regulated by miR27a [18] . Analysis of the 3 0 -UTR of CYP1A2 suggests that it may be regulated by miRNAs [19] [20] [21] ; however, a systematic/functional characterization has not been conducted.
CYP1A2 is inducible at both mRNA and protein levels by a variety of chemicals, including omeprazole, lansoprazole, 2,3,7,8-tetra chlorodibenzo-p-dioxin (TCDD), 3-methylcholanthrene, and rifampicin [22] . Omeprazole and lansoprazole are proton pump inhibitors (PPIs) that are sometimes co-administered with anticancer drugs to alleviate chemotherapy-induced nausea and vomiting [23] . As such, it is important to explore the role of CYP1A2-mediated drug-drug interactions involving drugs that are CYP1A2 substrates when combined with other drugs that may either induce or repress CYP1A2 expression in ways affecting drug safety or efficacy. The induction of CYP1A2 has been recognized as a possible reason for chemotherapy resistance [24] . Owing to its ability to convert drugs to toxic metabolites (e.g. the conversion of flutamide to liver toxicant 2-hydroxyflutamide [25] ), the activity of CYP1A2 was found to mediate drug-induced adverse reactions, such as flutamide-induced liver toxicity [26] . However, the potential role of lansoprazole in a drug-drug interaction with flutamide is not well documented. If a specific miRNA is able to suppress the expression of CYP1A2, a novel miRNA-related mechanism may decrease the effect of CYP1A2-mediated drug-drug interactions involving a CYP1A2 substrate, such as flutamide, and a CYP1A2 inducer, such as lanzoprazole.
In this study, miRNAs that putatively regulate CYP1A2 were screened systematically using in silico analyses. Reporter gene assays and electrophoretic mobility shift assays demonstrated a specific and direct interaction between hsa-miR-132-5p and the CYP1A2 3 0 -UTR. The regulatory functions of hsa-miR-132-5p on endogenous and lansoprazole-induced CYP1A2 mRNA expression, protein production, and biological activity were detected in a terminally differentiated hepatic cell line and in hepatoma cells. Finally, cell proliferation and toxicity assays were applied to test the effect of the lansoprazole-flutamide interaction on CYP1A2-mediated cytotoxicity in hepatic cells.
Materials and methods

Cell culture
Human hepatic cancer cell lines (Huh-7 and HepG2) and human embryonic kidney (HEK) 293 T cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA). These cell lines were cultured in Dulbecco's minimum essential medium (DMEM, ATCC) supplemented with 10% fetal bovine serum (FBS, ATCC), 100 lg/mL streptomycin, and 100 IU/mL penicillin (ATCC 
In silico analyses
The public database miRTar.human (http://mirtar.mbc.nctu. edu.tw/human/) was used to screen potential miRNA binding sites located in the 3 0 -UTR of CYP1A2. RNA hybrid, a RNA hybridization algorithm (http://bibiserv2.cebitec.unibielefeld.de/rnahybrid), was applied to calculate the minimum free energy of hybridization for potential miRNAs with their putative binding sites detected within the CYP1A2 mRNA sequence (NM_000761.4). Pearson's correlation analysis (http://www.socscistatistics.com/tests/pearson/) was used to evaluate the relationships between CYP1A2 mRNA and the candidate miRNAs using The Cancer Genome Atlas (TCGA) dataset (http://cancergenome.nih.gov/), which includes miRNA levels and mRNA profiles of 49 cases of human non-tumor liver tissue samples.
Luciferase reporter gene assay
The pGL3-Control vector (Promega, Madison, WI) was modified by adding the Universal USER Cassette (New England Biolabs, Ipswich, MA), resulting in the pGL3-CU vector described in our previous study [14] . The pGL3-CU vector was digested with Xba I enzyme (New England Biolabs) and nicked with Nt. BbvCl (New England Biolabs). The core region of the CYP1A2 3 0 -UTR that harbors the putative binding sites for hsa-miR-132-5p and hsa-miR-221-5p was PCR amplified using the forward and reverse primers with extension oligonucleotides 5 0 -GGG AAA GU-3 0 or 5 0 -GGA GAC AU-3 0 on their 5 0 ends as described in Table 1 . The PCR products were digested with USER enzyme (New England Biolabs) and ligated into the linearized and nicked pGL3-CU vector according to the Universal USER Cassette protocol provided by the manufacturer. DNA sequence analysis was performed on the constructed plasmid, pGL3-CYP1A2, to confirm its authenticity.
HepG2 and 293 T cells were plated at a density of 1 Â 10 5 cells per well in a 96-well plate and allowed to attach for 24 h. Cells were transfected with the constructed luciferase reporter gene plasmids or the control luciferase plasmid (100 ng/well) plus pRL-SV40 renilla plasmid (Promega, 1 ng/well) using the Lipofectamine 2000 reagent (Life Technologies). Equal amounts (50 nM) of hsa-miR-132-5p mimic, inhibitor, or mutant; and hsa-miR-221-5p mimic, inhibitor, or mutant were co-transfected with the luciferase plasmids containing the CYP1A2 3 0 -UTR. The constructed luciferase plasmid pGL3-CYP1A2 was co-transfected with pRL-SV40 plasmid and miRNA negative control that served as a reference. Luciferase and renilla signals were determined 24 h after transfection using a Dual Luciferase Reporter Assay Kit (Promega). Five independent experiments were carried out.
RNA electrophoretic mobility shift assays
All oligonucleotides and primers used in this study were obtained from Integrated DNA Technologies (Coraville, IA). The oligonucleotides for hsa-miR-132-5p were synthesized and 5 0 -labeled with cy5.5 TM dye (dye-miR-132). The 2 0 -O-methylmodified RNA oligonucleotides CYP1A2-Target-1 (nucleotide position 6276-6297) and CYP1A2-Target-2 (nucleotide position 7547-7568), corresponding to the hsa-miR-132-5p targeted sequences resident in 3 0 -UTR of CYP1A2, were 5 0 -labeled with IRDye Ò 800 dye (IDT), dye-CYP1A2-Target-1 and dye-CYP1A2-Target-2. The unlabeled oligonucleotides, including the miRNA negative control (cold-NC) and hsa-miR-132-5p (cold-miR-132), were used in competition assays. RNA electrophoretic mobility shift assays (EMSAs) were performed using LightShift Chemiluminescent RNA EMSA kits (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's instructions. Experiments were performed independently at least five times. Briefly, 1Â RNA EMSA binding buffer, 5% glycerol, 200 mM KCl, 100 mM MgCl 2 , and 200 nmol synthetic miRNA and/or cognate mRNA oligonucleotides were mixed in 20 lL reactions. Additional experiments were performed to determine if cellular factors would be recruited to miRNA/mRNA hybrid complexes. Cytoplasmic extracts from HepaRG cells were obtained using NE-PER Nuclear and Cytoplasmic extraction reagents (Thermo Fisher Scientific). Cytoplasmic extract (2 mg) and nonspecific total RNA (1 lg, included in the RNA EMSA kit) were added to the basic reaction mixtures and incubated 20 min at room temperature to allow miRNA/RNA/protein complexes to form. Subsequently, antibodies against Ago1, Ago2, Ago3, or Ago4 (Abcam, Cambridge, MA) were used in the super-shift assays. In competition assays, unlabeled probes at 50-fold molar excesses were added to the reactions before the addition of dye-labeled probes. The reaction mixtures were separated by 12% PAGE electrophoresis at 4°C and examined with an Odyssey CLx Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).
Induction of CYP1A2 expression by lansoprazole
To induce CYP1A2 with lansoprazole (Sequoia Research Products Ltd, UK), Huh-7 cells were seeded at the density of 2 Â 10 5 cells per well in 24-well plates. After incubation at 37°C in a CO 2 incubator for 24 h, the culture medium was exchanged with the complete medium containing lansoprazole at concentrations of 10 mM and 50 mM using five wells per treatment group. Treated cells were collected for CYP1A2 mRNA and protein assays after incubations for 0, 4, 12, and 24 h.
miRNA transfection
The hsa-miR-132-5p and hsa-miR-221-5p synthetic miRNA mimics, inhibitors, and negative control miRNA were purchased from Dharmacon GE (Lafayette, CO). MiRNA was transfected into Huh-7, HepG2, and HepaRG cells using Lipofectamine 2000 reagent (Life Technologies). After incubation at 37°C in a CO 2 incubator for 6 h, the transfection medium was exchanged with fresh complete medium. Cells were incubated further for 48 h and then harvested.
RNA extraction and quantitative real-time PCR analysis
Total RNA was extracted using miRNeasy Mini kits (Qiagen, Valencia, CA). cDNA for reverse-transcription polymerase chain reaction (RT-PCR) was synthesized with High-Capacity cDNA Reverse Transcription kits (Thermo Fisher Scientific). For the detection of mature miRNAs, small RNAs were reverse transcribed to cDNA using NCode TM microRNA First-Strand cDNA Synthesis kits (Thermo Fisher Scientific). The expression levels of CYP1A2, endogenous control GAPDH, mature hsa-miR-132-5p, hsa-miR-221-5p, and endogenous control U6 were determined using an ABI Prism7900 Sequence Detection system (Thermo Fisher Scientific). Reactions were prepared according to the manufacturer's instructions for QuantiFast SYBR Ò Green RT-PCR Kits (Life Technologies) using the primers listed in Table 1 . The RNA expression levels for CYP1A2 mRNA or the miRNAs hsa-miR-132-5p and hsa-miR-221-5p were calculated relative to the expression of GAPDH or U6 small nuclear RNA, respectively.
Western blot assay
The cells were lysed in RIPA buffer (Thermo Scientific). Protein concentrations in lysate samples were quantified, separated by SDS-PAGE, transferred to 0. CYP1A2 enzyme activity in HepG2 cells and Huh7 cells treated with lansoprazole, with or without hsa-miR-132-5p synthetic miRNA mimic, was measured using the substrate-specific P450-Glo TM Assay (Promega, Madison, WI). To verify the specific inhibitory effects of the hsa-miR-132-5p mimic, CYP2B6 and CYP3A4 enzyme activities were also measured as negative controls. HepG2 cells and Huh7 cells were seeded at a density of 2 Â 10 4 per well in 96-well plates. After being incubated overnight, synthetic hsa-miR-132-5p mimic together with negative control miRNA mimic were transfected into HepG2 cells and Huh7 cells using Lipofectamine 2000 reagent. After incubation at 37°C in a CO 2 incubator for 6 h, the transfection medium was exchanged with fresh medium containing lansoprazole (50 mM) and then incubated for a period of 12 h. The cells were washed with PBS twice and incubated with 50 mL of fresh culture medium containing the corresponding CYP1A2 substrate (Luciferin-1A2), CYP2B6 substrate (Luciferin-2B6), or CYP3A4 substrate (Luciferin-IPA) at 37°C for 1 h. Then 25 ml of culture medium was transferred to a white 96-well plate together with 25 mL of luciferin detection reagent added in each well. The luminescence was measured with a BioTek Cytation 5 (BioTek, Winooski, VT) cell imaging multimode reader.
Cell viability assay
Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO) assay. HepG2 cells have been widely used for the detection of flutamide-dependent liver injury in previous studies [27] [28] [29] . In the present study, HepG2 cells were seeded at a density of 2 Â 10 4 per well in 96-well plates. MiRNA transfection and lansoprazole induction were carried out as described above. After a period of 12 h incubation, flutamide (Sigma-Aldrich, St. Louis, MO) was dissolved in ethanol and added at a final concentration of 1 mM [29, 30] to each well and incubated at 37°C, 5% CO 2 for 4 h. MTT labeling reagent (Sigma-Aldrich) was added to the cells, and the cells were incubated at 37°C for 2 h. Dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO) was then added, and the absorbance of stained cells was measured at 570 nm. Five experiments were performed independently.
LDH cytotoxicity assay
Flutamide-dependent cytotoxicity was detected using Pierce LDH Cytotoxicity Assay Kits (Thermo Scientific) according to the manufacturer's instructions. HepG2 cells were treated in the same manner as described for the MTT-based cell viability assays. HepG2 cells without any treatment were seeded in triplicate and served separately as the spontaneous LDH activity controls and the maximum LDH activity controls. For the maximum LDH activity controls, 10 mL of Lysis Buffer (10Â) was added to each well, and then incubated at 37°C, 5% CO 2 for 45 min. Aliquots (50 mL) of each sample medium were transferred to the corresponding wells of a fresh 96-well plate and mixed with 50 mL of Reaction Mixture. After incubation for 30 min at room temperature without light, 50 mL of Stop Solution was added to each sample well. The absorbance values at 490 nm and 680 nm were measured using a BioTek Cytation 5 cell imaging multimode reader. LDH activity was calculated by subtracting the 680 nm absorbance value from the 490 nm absorbance. The amount of LDH from each well was presented as the percentage of LDH released in cell culture media without treatment (control). Experiments were performed independently five times.
Statistical analyses
Data are presented as the mean ± standard error of the mean (SEM). All statistical analyses were performed with SPSS 17.0 software (IBM, Armonk, NY). Pearson's correlation analysis was used to analyze the original data of human liver tissues to evaluate the correlations between the expression of CYP1A2 mRNA and the expression levels of hsa-miR-132-5p and hsa-miR-221-5p. Student's unpaired ttest was used to analyze the difference of two independent groups, whereas one way analysis of variance (ANOVA) was used to determine the difference of more than two independent groups. Values of P < 0.05 were considered to be statistically significant.
Results
Identification of potential miRNAs modulating CYP1A2
Sixty-two miRNAs were identified using the public database miRTar.human as candidate miRNAs binding to the 3 0 -UTR of CYP1A2, with the free energy of miRNA/mRNA hybridization less than À20 kcal/mol estimated by the RNAhybrid software (Table 2) . To examine the possible correlations between the expression of candidate miRNAs and the expression of CYP1A2 mRNA in human tissue samples, we compared the expression profile of all 62 candidate miRNAs and the expression profile of CYP1A2 using the TCGA dataset. Pearson's correlation analyses indicated that the expression of hsa-miR-132-5p and hsa-miR-221-5p had significant inverse associations (r = À0.449 for hsa-miR-132-5p and r = À0.367 for hsa-miR-221-5p, both P < 0.05) with the expression of CYP1A2 in non-tumor liver tissue samples (Fig. 1). 3.2. Hsa-miR-132-5p, but not hsa-miR-221-5p, suppressed CYP1A2 3 0 -UTR luciferase reporter gene activity
We explored the regulatory effects of hsa-miR-132-5p and hsamiR-221-5p on the 3 0 -UTR of CYP1A2 using luciferase reporter assays and various miRNA mimics ( Fig. 2A) . As shown in Fig. 2B , the hsa-miR-132-5p mimic significantly decreased the luciferase activity produced by the reporter gene plasmid containing the 3 0 -UTR of CYP1A2 in 293T and HepG2 cells (55.3% and 50.8%, respectively, both P < 0.05). Notably, the inhibitory effect of hsa-miR-132-5p was abolished by an hsa-miR-132-5p inhibitor, which increased the luciferase activity in both cell lines (1.2-fold in 293T cells and 1.3-fold in HepG2 cells, both P < 0.05), compared with the negative control. However, neither the mimic nor the inhibitor of hsa-miR-221-5p changed significantly the luciferase activity in 293T or HepG2 cells. To confirm the specificity of hsa-miR-132-5p in suppressing the luciferase activity through binding to the CYP1A2 3
0 -UTR, we tested the inhibitory effect of the mutated version of the miRNA ( Fig. 2A) . Despite the presence of CYP1A2 3 0 -UTR, the hsamiR-132-5p mutant failed to reduce luciferase activity (Fig. 2B) . Collectively, these results demonstrated that hsa-miR-132-5p is a bona fide regulator of CYP1A2.
3.3. Hsa-miR-132-5p interacted directly with CYP1A2 3 0 -UTR mRNA RNA EMSAs were performed to test whether hsa-miR-132-5p interacts directly with its target mRNA sequences in the 3 0 -UTR of CYP1A2. Two targeted sequences predicted within the CYP1A2 3 0 -UTR mRNA, CYP1A2-Target-1 (located at the nucleotide position 6276-6297 of the CYP1A2 gene) and CYP1A2-Target-2 (located at the nucleotide position 7547-7568 of the gene), were analyzed in the experiment. Dye-miR-132 (in green fluorescence) interacted with dye-CYP1A2-Target-2 (in red fluorescence) to form a stable miRNA/mRNA complex (Fig. 3B, lane 8 , the yellow band, indicated by an arrow), whereas dye-miR-132 did not form a miRNA/mRNA complex with CYP1A2-Target-1 (Fig. 3A, lane 3) . In competition assays, when unlabeled hsa-miR-132-5p (cold-miR-132, 50Â) was added to the mixture, it appeared to consume almost the total amount of dye-CYP1A2-Target-2 present, resulting in a complex comprised of the excess unlabeled hsa-miR-132 with the dye-CYP1A2-Target-2 oligo, resulting in a red fluorescent band lacking the green fluorescence associated with dye-miR-132 (Fig. 3B, lane 10, indicated by an arrow). The complete absence of a yellow complex, indicating the presence of both dye-labeled oligonucleotides with electrophoretic migration coincident with that of the miRNA/CYP1A2-Target 2 RNA complex, is consistent with nearly total depletion of the specific complex detected in lane 8 by competition with the unlabeled oligonucleotide. In contrast, a similar effect was not observed when the miRNA negative control was applied (cold-NC, 50Â, Fig. 3B, lane 9) , confirming that the success- ful competition observed in lane 10 was sequence-specific. Adding HepaRG cytoplasmic extract to the hsa-miR-132-5p/ CYP1A2-Target-2 mixture resulted in a shifted band with reduced electrophoretic mobility, indicating that a new complex was formed by miRNA-mRNA-protein interactions (Fig. 3C, lane 11 , indicated by an arrow). The new band representing the hsa-miR-132-5p/CYP1A2-Target-2/protein complex was weakened by adding excess cold-miR-132 probes (Fig. 3C, lane 13) . When the intensity of this new band in lane 13 was compared to that of the band in lane 11 representing the dye-hsa-miR-132-5p/dye-CYP1 A2-Target-2/protein complex, it was found that the intensity of the band in lane 13 was decreased to 68.7% (P < 0.05), indicating that the complex formed by the interaction among hsa-miR-132-5p, CYP1A2-Target-2 and proteins was also sequence-specific. Furthermore, addition of the anti-Ago 2 antibody to the mixture of hsa-miR-132-5p/CYP1A2-Target-2/pro tein reduced the intensity of the complex to 76.7% (P < 0.05, lane 15 versus lane 11), whereas addition of the anti-Ago 1 antibody to the mixture (lane 14) did not change the intensity of the hsamiR-132-5p/CYP1A2-Target-2/protein complex, suggesting that the protein Ago-2 was involved in the miRNA-mRNA-protein interaction specifically, although the super-shift band was unable to be detected (it was beyond detection possibly due to the technical limitation). Therefore, these results exhibited the direct and specific interaction between hsa-miR-132-5p and its cognate target within the transcript of CYP1A2 3 0 -UTR.
Hsa-miR-132-5p regulates CYP1A2 mRNA and protein expression
To address the regulatory role of hsa-miR-132-5p, we tested the effects of the hsa-miR-132-5p mimic and an antisense hsa-miR-132-5p inhibitor on the expression of CYP1A2 in Huh-7 human hepatic cancer cells. Transfection efficiencies for the mimic and the inhibitor were confirmed by measuring hsa-miR-132-5p and hsa-miR-221-5p expression levels in Huh-7 cells (Fig. 4A and B) . Transfection of the hsa-miR-132-5p mimic suppressed the expression of CYP1A2 mRNA to 71.5%, compared with the negative control; whereas the hsa-miR-132-5p inhibitor displayed a ''sponge" effect and elevated the expression of CYP1A2 mRNA by 1.4-fold ( Fig. 4C , P < 0.05). In agreement with the observed changes in mRNA expression, reduced levels of CYP1A2 protein were detected by Western blot in the hsa-miR-132-5p mimic-treatment group (80.7%, P < 0.05), and increased CYP1A2 levels were found in the hsa-miR-132-5p inhibitor-treatment group compared with the control group (1.3-fold, P < 0.05, Fig. 4E and G). We also explored the effect of hsa-miR-221-5p on the expression of CYP1A2. Under the same conditions, hsa-miR-221-5p did not influence the expression of CYP1A2 mRNA transcripts (Fig. 4C ) or CYP1A2 protein ( Fig. 4E and G) . The regulatory effects of hsa-miR-132-5p mimic and miRNA inhibitor on endogenous CYP1A2 expression were also confirmed in HepG2 cells. CYP1A2 mRNA and protein levels were decreased to 66.6% and 66.4% of those in control after 3 Fig. 3 . RNA EMSAs for detecting the interaction between hsa-miR-132-5p and CYP1A2 3 0 -UTR mRNA. (A) Lane 1 to 5 showed no interactions between hsa-miR-132-5p (dye labeled miR-132, dye-miR-132, was indicated by green fluorescence) and its first target at the CYP1A2 3 0 -UTR mRNA (dye-labeled target-1, dye-CYP1A2-Target-1, located at nucleotide position 6276-6297 of the gene, indicated by red fluorescence). (B) Lane 6 to 10 demonstrate the specific interaction between hsa-miR-132-5p (dye-miR132, indicated by green fluorescence) and its second target at the CYP1A2 3 0 -UTR mRNA (dye-labeled target-2, dye-CYP1A2-Target-2, located at nucleotide position 7547-7568 of the gene, indicated in red fluorescence). A stable dye-miR-132/dye-CYP1A2-Target-2 complex in yellow fluorescence was formed, as shown in lane 8 indicated by an arrow. In competition assays, the excessive amount of unlabeled hsa-miR-132-5p (cold-miR-132, 50Â) interacted with almost the total amount of dye-CYP1A2-Target-2, which competitively inhibited the interaction between the labeled dye-miR-132 and dye-CYP1A2-Target-2, thus the band in red fluorescence appeared in lane 10 (which represented the cold-miR-132/dye-CYP1A2-Target-2 complex, and was indicated by an arrow, whereas the excessive amount of unlabeled miRNA negative control (cold-NC, 50Â) was applied, no such a band was observed in lane 9. (C) When the HepaRG cytoplasmic extract was added to the mixture of hsa-miR-132-5p and CYP1A2-Target-2, a new band with reduced electrophoretic mobility appeared in lane 11 (indicated by an arrow), suggesting that an hsa-miR-132-5p/CYP1A2-Target-2/protein complex was formed. As shown in lane 13, the hsa-miR-132-5p/ CYP1A2-Target-2/protein complex was weakened by adding an excessive amount of cold-miR-132 probes. The intensity of the band was decreased to 68.7 ± 1.9% (n = 5, P < 0.05) in comparison to that of in lane 12 (cold-NC, 50Â). When the anti-Ago 2 antibody was further added to the mixture (lane 15), the band density of hsa-miR-132-5p/CYP1A2 mRNA/protein complex was reduced to 76.7 ± 2.6% (n = 5, P < 0.05, lane 15 versus lane 11). The addition of the anti-Ago 1 antibody to the mixture (lane 14) did not change the intensity of the hsa-miR-132-5p/CYP1A2-Target-2/protein complex. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) hsa-miR-132-5p mimic transfection, and were increased to 1.7-and 1.8-fold of those in control upon hsa-miR-132-5p inhibition, respectively (Fig. 4D, F and G, all P < 0.05).
Hsa-miR-132-5p suppressed endogenous and lansoprazoleinduced CYP1A2 expression in HepaRG cells
The terminally differentiated hepatic cell line HepaRG that expresses drug metabolizing enzymes and transporters (DMETs) at levels similar to those of primary hepatocytes was selected to test the regulatory effects of hsa-miR-132-5p on the expression of the endogenous CYP1A2 gene. As shown in Fig. 5A , hsa-miR-132-5p levels in HepaRG cells were elevated by transfection with the miRNA mimic and decreased by transfection with the inhibitor. Similar to the observation in Huh-7 cells, transfection with hsa-miR-132-5p resulted in a statistically significant suppression of the endogenous CYP1A2 level. CYP1A2 mRNA and protein levels were decreased to 75.5% and 71.1% of those in controls by the transfection with the hsa-miR-132-5p mimic, and were increased to about 1.3-and 1.2-fold by transfection with the hsa-miR-132-5p inhibitor, respectively (Fig. 5B -D, all P < 0.05).
Lansoprazole is a well-recognized CYP1A2 inducer in hepatic cells [31] and a similar inductive effect on the expression of CYP1A2 was observed in HepaRG cells (Fig. 5C and E) . Transfection with hsa-miR-132-5p suppressed lansoprazole-induced CYP1A2 expression. In the presence of lansoprazole, the mRNA and protein levels of CYP1A2 were decreased to 69.3% and 75.0% of those in the controls after hsa-miR-132-5p mimic transfection, respectively; whereas transfection with the hsa-miR-132-5p inhibitor increased the mRNA and protein levels of CYP1A2 to 1.4-and 1.2-fold of those in the controls, respectively (Fig. 5B, C and E, all P < 0.05).
3.6. Hsa-miR-132-5p suppressed endogenous and lansoprazoleinduced CYP1A2 expression in Huh-7 and HepG2 cells A previous study reported that CYP1A2 could be induced in the hepatic cancer cell line HepG2 by 50 mM lansoprazole [31] . As shown in Fig. 6A -C, the administration of lansoprazole to Huh-7 cells at concentrations of 10 and 50 mM for 4, 12, or 24 h significantly elevated the levels of both CYP1A2 mRNA and protein above their levels at the initial time point. The observed induction of CYP1A2 by 50 mM lansoprazole was most prominent at 4 and 12 h, which was comparable to the reported results in HepG2 cells. Consistent with its inhibitory effect on the expression of endogenous CYP1A2 in Huh-7 cells (Fig. 4) , hsa-miR-132-5p also inhibited lansoprazole-induced expression of CYP1A2 in Huh-7 cells. The hsa-miR-132-5p mimic attenuated the elevation of CYP1A2 expression in the presence of lansoprazole at both the mRNA level (70.1% of that in control, P < 0.05) and the protein level (59.4% of that in control, P < 0.05), whereas inhibition of hsa-miR-132-5p by its inhibitor further increased the expression of CYP1A2 (1.2-and 1.3-fold of that in control, for mRNA and protein levels, respectively; both P < 0.05) (Fig. 6D-F) .
Similar regulatory effects of hsa-miR-132-5p on lansoprazoleinduced CYP1A2 expression were observed in HepG2 cells. The elevated CYP1A2 expression in the presence of lansoprazole was inhibited by hsa-miR-132-5p significantly (69.1% and 79.2% of those control for mRNA and protein levels after the transfection of mimic, respectively; 1.5-and 1.2-fold of those in control for mRNA and protein levels after the transfection of inhibitor, respectively; Fig. 6 G-I, all P < 0.05).
3.7. Hsa-miR-132-5p inhibits the lansoprazole-induced CYP1A2 enzyme activity and attenuates CYP1A2-mediated flutamide-induced cytotoxicity Lansoprazole induced CYP1A2 enzyme activity by 1.4-fold in HepG2 cells. Lansoprazole-induced CYP1A2 activity was decreased to 78.5% of its induced level by transfection with the hsa-miR-132-5p mimic (Fig. 7 A, all P < 0.05). However, the hsa-miR-132-5p mimic did not inhibit CYP2B6 and CYP3A4 enzyme activity (data not shown). Similar results were also observed in Huh-7 cells (data not shown). Since lansoprazole induces the expression and activity of CYP1A2 in hepatic cells, we explored whether it can influence the cytotoxic effect of flutamide. Hepatic cellular toxicity of flutamide was assessed using LDH and MTT assays in HepG2 cells. As shown in Fig. 7B , flutamide treatment resulted in 19.0% cytotoxicity in HepG2 cells using the LDH release assay, compared to 1.6% cytotoxicity associated with the vehicle control ( Fig. 7B , P < 0.05), which is consistent with the cell viability results measured by the MTT assay, with 76.8% cells survival (in terms of 23.2% cytotoxicity) following flutamide treatment, compared to the vehicle control ( Fig. 7D , P < 0.05). To explore whether hsa-miR-132-5p can modulate the cellular response generated by the co-treatment of lansoprazole and flutamide, we transfected the hsa-miR-132-5p mimic into HepG2 cells prior to co-treatment with lansoprazole and flutamide. The hsa-miR-132-5p mimic attenuated the effect of CYP1A2-mediated flutamide-dependent cytotoxicity. As shown by LDH assays in Fig. 7C , the cytotoxicity of flutamide was 26.6% in the group treated with negative control (NC) mimic + vehicle + flutamide, compared to the 2.3% in the group treated with NC mimic + vehicle (P < 0.05). The cytotoxicity observed in the group exposed to the combination of NC mimic + lansoprazole + flutamide was increased to 30.4% (P < 0.05), indicating that lansoprazole enhanced flutamide-dependent cell toxicity. However, the hsa-miR-132-5p mimic attenuated the lansoprazole-enhanced and flutamide-dependent cytotoxicity to 21.4% (P < 0.05), in the group treated with the hsa-miR-132-5p mimic + lansoprazole + flutamide. In the cell viability evaluation using MTT assays, similar results were observed. Briefly, transfection with the hsa-miR-132-5p mimic attenuated lansoprazole-mediated, flutamidedependent cell death (P < 0.05, Fig. 7E ). These observations indicate that hsa-miR-132-5p is a potential mediator participating in the effects of a drug-drug interaction between lansoprazole and flutamide by suppressing CYP1A2 activity.
Discussion
MiRNAs are key post-transcriptional regulators of gene expression and, thus, are involved in many biological and pathological processes, including metabolism, cell proliferation and death, and tumorigenesis [32] . Hsa-miR-132-5p has been reported to be associated with certain types of human malignancies. It plays a tumor suppressive role in several human malignancies, including HCC [33] , prostate cancer [34] , osteosarcoma [6] , non-small cell lung cancer [35] , and ovarian cancer [36] . By contrast, it was shown to be an oncogene in gastric cancer [37] , colorectal carcinoma [38] , pancreatic cancer [39] , hemangioma [40] , and chronic lymphocytic leukemia [41] . And its role in breast cancer is controversial, either promoting or suppressing tumorigenesis [40, 42] .
Much evidence indicates that miRNAs play an important role for inter-individual variability in the expression of pharmacologically important DMETs [11, [43] [44] [45] [46] [47] . DMET-targeting miRNAs affect drug metabolism and efficacy; in turn, drugs influence the expression of miRNAs [12, 21] . In the current study, we investigated the role of miRNAs in regulating an important drug metabolizing enzyme, CYP1A2. We first screened candidate miRNAs by in silico analysis and found 62 miRNAs ( Table 2 ) that might potentially interact with the 3 0 -UTR of CYP1A2. Then, two miRNAs (hsa-miR-132-5p and hsa-miR-221-5p) were selected from 62 miRNAs for wet-lab validation, based on statistically significant inverse correlations between their expression levels and the expression levels of CYP1A2 mRNA in a group of non-tumor liver tissues. Finally, of the two miRNAs, only hsa-miR-132-5p was proved to exert an inhibitory effect on the expression of CYP1A2 at the transcript, protein and enzyme activity levels.
RNA EMSAs were performed to determine whether hsa-miR-132-5p was able to interact with the 3 0 -UTR of CYP1A2 directly. It was predicted that hsa-miR-132-5p could have two potential targeting sites in the 3 0 -UTR of CYP1A2. As to binding strength, the first binding site (CYP1A2-Target-1) at the nucleotide position 6276-6297 of the transcript was À24 kcal/mol; and the second binding site (CYP1A2-Target-2) at the nucleotide position 7547-7568 of the CYP1A2 3 0 -UTR was -26.7 kcal/mol. The results from EMSAs echoed the in silico calculations because only hsa-miR-132-5p interactions at the second binding site in the CYP1A2 3 0 -UTR could be detected under our experimental conditions. Upon adding the HepaRG cytoplasmic extracts, a shifted band was observed, indicating the formation of a miRNA/RNA/protein complex. The Argonaute protein family members, including Ago-1, Ago-2, Ago-3, and Ago-4, bind miRNAs to constitute key components of RNA-induced silencing complexes (RISCs) which function to suppress the expression of targeted mRNA transcripts. In our study, the miRNA/RNA/protein complex we observed was weakened when the Ago-2 antibody was added; in contrast, addition of Ago-1, -3, and -4 antibodies showed no effects on the density of the complex (data of Ago 3 and 4 not shown), suggesting that the effect of Ago-2 is specific. Although a super-shift band produced by the addition of the Ago-2 antibody was beyond detection due to technical limitations, EMSAs suggested that Ago-2 may be involved in the modulation of CYP1A2 expression.
A series of miRNA transfection assays using the terminally differentiated hepatic cell line HepaRG and hepatoma cell lines Huh-7 and HepG2 demonstrated that hsa-miR-132-5p suppressed the expression of CYP1A2 mRNA and protein significantly. The suppressive effect on the expression of CYP1A2 was not a byproduct of the inhibition of hepatic cell proliferation by hsa-miR-132-5p because cell viability was not affected after the transfection of hsa-miR-132-5p mimic into the hepatic cell lines Huh-7 and HepG2 (data not shown). Also, the expression and biological activity levels of other CYP enzymes, such as CYP2B6 and CYP3A4, were not affected by the transfection of hsa-miR-132-5p into these hepatic cell lines under the same conditions (data not shown).
Lansoprazole is a well-recognized inducer of CYP1A2, as demonstrated in the human hepatoma cell line HepG2 [31, 48] . In our study, CYP1A2 could also be induced by lansoprazole in terminally differentiated HepaRG cells and in Huh-7 human hepatoma cells in a concentration-dependent manner. According to our results in Huh-7 cells, the strongest induction was observed at 4 and 12 h, and more obvious effects appeared in cells treated with 50 mM lansoprazole than those exposed to 10 mM lansoprazole. Further, lansoprazole-induced CYP1A2 expression and biological activity could be suppressed by hsa-miR-132-5p in HepaRG, Huh-7, and HepG2 cells.
The PPI lansoprazole is a commonly used drug in clinical practice to inhibit the production of stomach acid in patients. Often, it is coadministered with other drugs; therefore, it is meaningful to investigate drug-drug interaction effects involving lansoprazole [49] [50] [51] [52] . For example, to relieve the gastrointestinal side effects (nausea and vomiting) during the treatment of advanced prostate cancer patients with flutamide (its common side effects include nausea and vomiting), lansoprazole might be co-administered. However, the interaction between lansoprazole and flutamide should be considered since a severe adverse reaction could occur. Flutamide is an androgen receptor antagonist that is primarily prescribed to treat advanced prostate cancer in men and to treat acne, hirsutism, and alopecia in women with polycystic ovary syndrome [53] . Despite the efficacy of its anti-androgen effects, flutamide-dependent hepatotoxicity represents a significant health concern, since the incidence of the adverse reaction could be as high as 9% in patients [54] , and the severity of flutamide-dependent hepatotoxicity could lead to liver transplantation or death [55] . As a result, the US Food and Drug Administration issued a Black Box Warning to alert doctors and patients that ''flutamide can cause liver failure." Although the mechanism of action for flutamide-dependent hepatotoxicity largely remains unclear, several metabolites, such as 2-hydroxylflutamide [27] and 4-nitro-3-(trifluoromethyl)pheny lamine or FLU-1 [56] , have been reported to associate with metabolite-triggered hepatotoxicity. We think that the mechanisms of flutamide-induced hepatotoxicity are complicated and multiple toxic metabolites are possibly involved in the process. In human hepatocytes, the major metabolite 2-hydroxyflutamide at least partially contributes to flutamide-induced hepatotoxicity. As a mitochondrial toxicant, upon binding to several key proteins in the mitochondrial electron transport chain, 2-hydroxyflutamide can inhibit the enzymatic activities of NADH ubiquinone oxidoreductase, succinate dehydrogenase, and ATP synthase, thus decreasing cellular ATP content, weakening the mitochondrial respiratory capacity, and increasing the level of superoxide, finally resulting in cell apoptosis [27, 57] . Importantly, the catalytic activity of CYP1A2 is primarily responsible for converting flutamide to the toxic metabolite 2-hydroxyflutamide [25] . In the current study, the observed cellular toxicity of flutamide in HepG2 cells correlated inversely with hsa-miR-132-5p suppression of CYP1A2 activity. When increased CYP1A2 expression was induced by lansoprazole, flutamide toxicity also increased. However, transfection with hsa-miR-132-5p resulted in suppression of CYP1A2 enzymatic activity and decreased flutamide toxicity, demonstrating that hsa-miR-132-5p attenuated CYP1A2-mediated, lansoprazole-induced, flutamide-dependent hepatic cell toxicity. These results may provide insights on the role of miRNAs in preventing or treating CYP1A2-mediated adverse drug reactions.
In conclusion, using integrative approaches, including in silico and in vitro methods, we demonstrated that hsa-miR-132-5p directly interacts with the CYP1A2 3 0 -UTR to suppress its expression, which may play an important role in drug-drug interactions involving CYP1A2.
